ABSTRACT Treatment of newborn pigs with supplemental iron is a common procedure utilized to prevent neonatal anemia. The aim of this study was to investigate the hepatic distribution and Â¡ntracellularmetabolism of iron-dextran, a widely used colloidal-iron-carbohydrate preparation. Piglets were injected intramuscularly with iron-dextran (50 mg Fe kg body wt) at 1 d of age. Hepatocytes and sinusoidal cells (Kupffer cells and endothelial cells) were isolated from iron-treated and control (uninjected) piglets at 2,6 and 11 d of age. The concentrations of iron, copper and zinc in isolated cells were determined by atomic-absorption spectroscopy. In addition, the quantities of ferritin-protein and ferritin-iron were measured by immunoelectrophoresis and ionexchange chromatography, respectively. At 2 d of age, the concentration ((ig/mg cell protein) of iron was 5-, 62-and 54-fold higher in hepatocytes, Kupffer cells and endothelial cells, respectively, isolated from iron-treated piglets than from control piglets. Hepatocytes, Kupffer cells and endothelial cells accumulated ferritin in response to iron-dextran treatment. Higher concentrations of ferritin-protein and ferritin-iron were present in Kupffer cells and endothelial cells than in hepatocytes at all times after treatment with iron-dextran. The percentage of cellular iron that was associated with ferritin, however, was greater in hepatocytes than in sinusoidal cells. Iron accumulated by all three liver cell types was mobilized to extrahepatic sites. Slight alterations in zinc and copper status of liver cells were evident at 11 d of age as a result of iron treatment.
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Confinement-reared pigs develop microcytic hypochromic anemia shortly after birth (1) . This condition is characterized by a rapid decrease in hematocrit and hemoglobin concentration.
The onset of anemia oc curs, in part, because tissue stores of iron at birth and the quantity of iron received from sow's milk fail to provide the necessary amount of the micronutrient for the growing animal. This problem has been exacerbated in modern production facilities by denying young pigs access to exogenous sources of iron, such as soil and feces. To prevent development of anemia, current man agement practices mandate the administration of a sin gle intramuscular injection of a large amount of col loidal iron during the first week after birth. Ironcarbohydrate complexes, and particularly iron-dextran (Fe-dextran), are widely used for the prevention and treatment of anemia in swine (1) and humans (2) .
The hÃ©matologie profile of anemic and iron-treated piglets has been thoroughly investigated (1) . Early stud- ' This work was supported in part by grants from the Virginia Pork Industry Commission (to M. L. Failla) and the Sigma Xi Grants-inAid Program |to T. J. Caperna).
2A preliminary report of this work was presented at the 70th An nual Meeting of the Federation of American Societies for Experi mental Biology, April 13-18, 1986 
PTOC. 45: 1080 (abs. 5384).
3Mention of trade names, proprietary product or vendor does not constitute a guarantee or warranty of the product by USDA or imply its approval to the exclusion of other products or vendors that may also be suitable.
"To whom reprint requests should be sent at USDA, Beltsville.
0022-3166/87 $3.00 Â©1987 American Institute of Nutrition. Received: 7 May 1986 . Accepted: 30 September 1986.
312
at USDA, National Agricultural Library on January 14, 2008 jn.nutrition.org
Downloaded from
ies established the central role of the liver in metabo lism and storage of supplemental iron in pigs (3, 4) . The concentrations of nonheme iron and ferritin-iron in liver decrease rapidly after birth. Treatment of piglets with iron-dextran increased the levels of iron in these intracellular pools as well as in hematocrit and hemoglobin values (1, 4, 5) . Similar findings have been reported for neonatal rats (6) . Effects of injection of Fe-dextran on the concentrations of ferritin (5), and trace elements (7) in the serum of neonatal pigs have also been reported. However, the partitioning and subsequent metabolism of iron by the various types of liver cells in the neonatal pig are unknown and have been only partially charac terized in laboratory rats (8) (9) (10) (11) . The aim of the present investigation was to study accumulation and metabolism of Fe-dextran by hepatocytes and sinusoidal cells (Kupffer cells and endo thelial cells), the predominant cell types present in the neonatal pig liver. In addition, the influence of Fe-dex tran administration on the concentrations of zinc and copper in porcine liver cells was examined.
MATERIALS AND METHODS
Animals. Male and female crossbred piglets between 2 and 11 d of age were used. Sows and nursing piglets were housed together in farrowing crates (wood and aluminum pens) that had partially slatted floors. Fedextran (Anchor Laboratories, St. Joseph, MO, 100 mg Fe/mL) was administered to piglets at a dose of 50 mg Fe per kg body wt at 20 to 30 h after birth. One-half of the dose was administered into the muscle of each thigh to ensure complete retention of injected material. Con trol piglets were not injected. At 1, 5 and 10 d after the administration of Fe-dextran, piglets were anesthetized with sodium pentobarbital, and liver cells or tissue were subsequently obtained. Control piglets were age-matched and all piglets will usually be designated hereafter by their ages, viz. 2, 6, or 11 d of age.
Histology of liver tissue. Whole tissue was prepared for histochemical analysis by initially perfusing the liver in situ with 20 mM HEPES (N-2-hydroxyethylpiperazine-AT-2-ethanesulfonic acid)-buffered saline, pH 7.4, at 4Â°C to remove blood cells from the sinuses. The liver was next perfused with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, at 4Â°C. Fixed liver slices were dehydrated in ethanol, embedded in paraffin, sectioned and stained for the detection of nonheme Fe3+ and Fedextran by Perl's Prussian blue reaction (12) .
Isolation of liver cells. Methods for the isolation of hepatocytes, Kupffer cells and endothelial cells from neonatal porcine liver are described in detail elsewhere (13) . Briefly, cells were obtained by perfusing the liver with collagenase (Cooper Biochemical, Freehold, Nf). Hepatocytes were subsequently isolated by differential centrifugation. After removal of the hepatocytes from the cell suspension, Kupffer cells and endothelial cells were purified by metrizamide (Accurate Chemical, Westbury, NY) density gradient centrifugation fol lowed by centrifugal elutriation. Yields of isolated cells were similar to those previously reported (13) and vi ability exceeded 80 and 90% for hepatocytes and sin usoidal cells, respectively, as assessed by trypan blue exclusion.
Analysis of iron, copper and zinc in cell isolates. After purification, cell types were collected by centrifuga tion, frozen in liquid N2 and stored at -70Â°Cuntil analyzed. Cell pellets were resuspended in 3 mL dis tilled, deionized water (Nanopure System, Barnstead, Boston, MA) and disrupted by either homogenization (hepatocytes; Tissuemizer, Tekmar Corp., Cincinatti, OH) or exposure to ultrasound (sinusoidal cells; Fisher Model 300 Sonicator at 30% maximum power for 1 min with a titanium microprobe). After removal of aliquots for assay of protein concentration, the remaining material was transferred to porcelain crucibles and dried at 90Â°C for 12 h. The temperature was elevated to 440Â°C over a 6-h period and the samples were maintained at this temperature for 24 h. Ashed samples were solubilized and diluted in 0.12 N HC1 (Ultrex, J. T. Baker Chemical Co., Phillipsburg, NJ) and analyzed by atomic absorption spectroscopy (Model 560, Perkin-Elmer Corp., Norwalk, CT) with an airiacetylene flame. Recovery of iron, copper and zinc exceeded 95% as determined with Standard Reference Material #1577a (bovine liver) from the National Bureau of Standards that was prepared and analyzed in an identical manner for each set of cell samples. Protein was determined by a modified Lowry procedure (14) with bovine serum albumin as standard.
Ferritin purification and antibody production. Ferritin was purified from livers of fetal (90 d), neonatal (2-6 d following Fe-dextran treatment) and adult pigs by the method of May and Fish (15) with the following mod ifications described by Arosio et al. (16) . The redissolved, dialyzed ammonium sulfate precipitate was chromatographed on Sepharose 6B and final purifica tion to homogeneity was attained by preparative gra dient polyacrylamide-gel electrophoresis (PAGE). The purity of ferritin was confirmed by SDS-PAGE, and sizeexclusion gel-permeation high performance liquid chromatography.
Antiserum to Fe-dextran-induced neonatal ferritin was raised by immunizing each of several rabbits with 1 mg ferritin in Freund's complete adjuvant followed by three biweekly injections of 1 mg ferritin in incomplete adjuvant. Rabbits were exsanguinated 1 wk after the final injection. The selected antiserum gave strong pre cipitation lines in Ouchterlony double-diffusion plates at a 1:150 dilution. Ferritin purified from fetal, neonatal and adult pig liver cross-reacted with complete identity in double diffusion plates (Fig. 1) .
Quantification of ferritin. Ferritin was measured by rocket immunoelectrophoresis, essentially as described by Garvey and associates (17) . Antiserum (4 (xL) was incorporated into 10 mL agarose gel prepared in 25 mM barbital buffer, pH 8.6, and poured onto 50 x 75 mm prewarmed glass plates. Three millimeter wells were punched into the gel and ferritin standards (25-600 ng) were added. Isolated cells were sonicated in 5 mM TrisHCl, pH 7.8, containing 5 mM ÃŸ-mercaptoethanol and 0.1% Triton X-100 at a concentration of 2 to 6 mg of cell protein per milliliter. Aliquots (5-20 u.L) of each sonicate were analyzed in duplicate. Gels were electrophoresed for 12 h in 25 mM barbital buffer, pH 8.6. Ferritin levels were determined from rocket peak area compared to porcine ferritin standards. The limit of detection was approximately 0.2 u.g ferritin per milli gram cell protein.
Determination of ferritin-iron. Whole-cell sonicates prepared for immunoelectrophoresis were also chromatographed on DEAE (diethylaminoethyl) cellulose (DE-53, Whatman Ltd., Maidstone, Kent, England) to separate the various classes of iron-binding species. Ali quots of cell protein (5-15 mg) in a total volume of 5 mL were added to columns packed with 2 mL ionexchange resin and equilibrated with 10 mM Tris-HCl in 10 mM ÃŸ-mercaptoethanol, pH 7.8 (buffer A). The concentration of iron in fractions was determined by atomic absorption spectroscopy. Fraction 1 contained materials that eluted during sample application and a 7 mL wash with buffer A. Fraction 2 was obtained by washing with 15 mL of buffer A containing 85 mM NaCl. Fraction 3 was collected during a wash with 15 mL high salt buffer (350 mM NaCl, 100 mM Tris-HCl, and 10 mM ÃŸ-mercaptoethanol, pH 7.8). Greater than 90% of purified neonatal pig liver ferritin eluted from the column in fraction 3 when applied either directly to the packed resin or after addition to an aliquot of liver cell sonicate. To elute metabolized derivatives of Fe-dextran and other iron-containing materials that re mained bound to the column after the high salt wash, the resin was washed successively with 15 mL of 0.5 M NaOH (fraction 4) and 0.5 M HC1 (fraction 5). Fol lowing Fe-dextran treatment, the majority of cellular iron was either eluted in fractions 4 and 5 or remained bound to the ion-exchange resin. This was particularly evident in homogenates from sinusoidal cells, where the majority of iron appears to be associated with dextran metabolites (see Discussion).
In a preliminary study, the contents of each eluted fraction were concentrated by membrane centrifugation (Centricon 10, Amicon Corp., Danvers, MA) and analyzed by nondenaturing electrophoresis using 7.5% polyacrylamide gels. Replicate gels were stained with potassium ferrocyanide to detect Fe3 + (18) and Coomassie blue to detect protein. All detectable iron that had the same electrophoretic mobility as purified porcine liver ferritin was present in fraction 3. Moreover, the only band in this fraction that was iron positive had the same relative mobility as ferritin. Consequently, the amount of iron that eluted in fraction 3 was used to estimate the quantity of iron bound to ferritin in each cell sample.
Statistical analysis. All data are presented as the mean Â±standard error of the mean (SEM). Where appropriate, statistical significance of the differences between con trol and Fe-dextran-treated animals were determined at each age by a two-tailed t-test. P-values for unequal variances were utilized where necessary.
RESULTS
Hepatic distribution of iron following treatment with Fe-dextran was initially investigated by histochemical methods. Positive staining with Prussian blue was vis ualized primarily in association with sinusoidal cells at 24 h after injection (Fig.2) . Positive staining was not observed in liver tissue from control and iron-treated piglets at 11 d of age.
To investigate the accumulation and metabolism of supplemental iron by the liver during early neonatal life, hepatocytes, Kupffer cells and endothelial cells, were isolated from Fe-dextran-treated piglets 1, 5 and 10 d after injection. For comparison, liver cells were similarly isolated from age-matched piglets that were not injected with supplemental iron. The concentra tion of iron (jig Fe/mg cell protein) was 0.4 Â±0.04, 0.5 Â±0.1 and 0.4 Â±0.1 in hepatocytes, Kupffer cells and endothelial cells, respectively, isolated from control piglets at 2 d after birth. Minimum levels of iron were present by 6 d after birth (Figs.3 and 4) . Administration of supplemental iron resulted in a 5-, 62-and 54-fold increase in the concentration of iron in hepatocytes, Kupffer cells and endothelial cells, respectively, by 1 d after injection. After treatment, the concentration of iron in hepatocytes at 6 d of age was only 25% that at 2 d of age, whereas sinusoidal cells retained 80% of their complement of accumulated iron during the same period of time. Although the majority of iron was mo bilized from sinusoidal cells by 11 d of age, the con centration of iron in these cells was 20-fold higher than in sinusoidal cells isolated from age-matched control pig liver.
The influence of iron administration on the zinc and copper status of the different liver cell types also was evaluated. At early times after injection (2 and 6 d of age), cellular concentrations of zinc and copper were similar in iron-treated and control pigs (Table 1) 50% (P < 0.05) and 62% (P < 0.1), respectively, of those in sinusoidal cells isolated from age-matched control piglets.
At the piglet's birth, the ferritin concentration in whole liver was approximately 3 n-g/mg tissue protein.
Ferritin concentrations ranged from undetectable (< 0.2 jig/mg cell protein) to approximately 1 fi-g/mg protein in cells isolated from control piglets at 2 d of age. The cellular concentration of ferritin was below the limit of detection at 6 d of age. The concentration of ferritin increased 5-to 75-fold in each liver cell type at 2 d of age as a result of Fe-dextran treatment (Fig.  5) . For the three time points investigated, maximum concentrations of ferritin were observed at 2 d of age in hepatocytes and Kupffer cells. In contrast, peak fer ritin levels were not attained until 6 d of age in endothelial cells. After reaching maximal levels, immunoreactive ferritin decreased in concert with the concentrations of iron in each cell type.
The amount of iron associated with ferritin in each cell type was determined by quantifying the concen tration of iron that eluted in the high salt fraction from DEAE-cellulose (Table 2) . After treatment, ferritin-iron concentrations attained maximum levels in each cell type by 2 d of age. Thereafter, the amount of iron as sociated with ferritin decreased in each cell type in a manner similar to that observed for the decrease in immunoreactive ferritin-protein and total cellular iron. The decreases in concentrations of total iron and fer ritin-iron in liver cells were probably due to mobili zation of the micronutrient to extrahepatic compart ments.
The degree of iron saturation of the ferritin pools (fig Fe/jjLgferritin-protein) was calculated for each cell type (Table 2 ). Iron saturation of cellular ferritin was found to range between 0.13 to 0.69 p-g Fe/fig ferritin in the different cell types.
The percentage of total cellular iron that was asso ciated with ferritin in each cell type after iron treat ment was also determined ( Table 2 ). Approximately half of the iron present in hepatocytes was associated with ferritin at 2 d of age. The decrease in the per centage of cellular iron associated with ferritin in he patocytes paralleled the decrease in total level of iron in these cells. This phenomenon was not observed in sinusoidal cells, where 7 to 11% of the total iron con tent at all times after injection was associated with ferritin.
DISCUSSION
The mammalian liver is a histologically complex or gan and is composed of at least five types of resident cells (hepatocytes, Kupffer cells, endothelial cells, pit cells and stellate cells) which are structurally and func tionally distinct (19) . Identification of which hepatic Significant difference by i-test analyses between control and Fe-dextran-treated pigs in each age group: "P < 0.05.
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AG E (Days) cell types participate in the accumulation, metabolism and storage of exogenous and endogenous iron has been limited primarily to histochemical (20) (21) (22) and ultrastructural (12, (23) (24) (25) analyses. Development of meth ods for the isolation of hepatocytes, Kupffer cells and endothelial cells provided an opportunity to investigate the cellular uptake and metabolism of supplemental iron in the neonatal pig liver in a quantitative manner. The finding that sinusoidal cells accumulated much higher concentrations of iron than hepatocytes after a single injection of Fe-dextran confirms and extends re sults obtained by histochemical studies in the baby pig ( Fig. 2 and rÃ©f. 20 ) and neonatal rat (Caperna and Failla, unpublished observation). However, hepatocytes ac count for approximately 90% of the total cellular mass of the liver (assuming that the morphometry of rodent liver and porcine liver is similar). About 40 and 30% of the total amount of iron in liver was present in he patocytes at 2 and 6 d of age, respectively, after treat ment of the pigs with Fe-dextran. Thus, all three pre dominant liver cell types actively participate in the metabolism of Fe-dextran in the neonatal pig.
The concentration of iron in sinusoidal cells at 1 d after the administration of Fe-dextran was 12-15 times higher than in hepatocytes (Figs. 3 and 4) . These data support our previous finding that primary monolayer cultures of Kupffer cells and endothelial cells from liv ers of control piglets accumulated markedly more iron per milligram of protein than monolayers of porcine hepatocytes during a 24-h exposure to 55Fe-labeled dextran (26) . This ability of sinusoidal cells to accumulate more colloidal iron than hepatocytes in vivo and in vitro is related, in part, to their greater relative surface area (27) . Moreover, the unique architecture of the he- patic sinus provides sieving properties that impede ef fective diffusion of some high-molecular-weight com plexes to the surface of hepatocytes (28) . Thus, highmolecular-weight colloidal (29) and azo-derivatized (30) albumin and polyvinylpyrrolidone (29) were preferen tially accumulated by sinusoidal cells in the rat liver, while low-molecular-weight materials such as iron chelates (31) and small lipid vescicles (32) were con centrated in hepatocytes. To determine whether this sieving effect contributed to enhanced uptake of Fedextran by sinusoidal cells in baby pig liver, levels of iron in liver cells were determined 1 d after treatment with equivalent doses (50 mg Fe/kg body weight) of Fedextran and iron-polysorbitol-citrate, a low-molecularweight iron complex. Sinusoidal cells accumulated 12-and 4-fold more iron than hepatocytes in livers from pigs treated with Fe-dextran and iron-polysorbitol-ci trate, respectively (26) . This observation supports the conclusion that differential cellular accumulation of supplemental iron in livers of the neonatal pig is influ enced in part by the form of iron administered. In con trast to these findings, Hulcrantz et al. (9) have reported that hepatocytes accumulated higher concentrations of iron per milligram protein than sinusoidal cells after the administration of iron-polysorbitol-citrate to rats. In their study, however, normal adult rats received a total of 500 mg Fe/kg body weight in a series of multiple injections over a 3-wk period. Thus, in addition to the form of iron, the cellular accumulation and subsequent metabolism of supplemental iron in the liver is prob ably influenced by dosage, regimen of treatment and the physiological status (e.g., age) of the animal.
Histochemical examination of liver sections at 10 d after administration of Fe-dextran failed to reveal the presence of high concentrations of iron in either sin usoidal or parenchymal regions. Direct analysis of iron in cells isolated from piglets treated with Fe-dextran showed that concentrations of the metal in hepato cytes, Kupffer cells and endothelial cells at 11 d of age were markedly lower than those at 2 and 6 of age (Figs.  3 and 4) . The reductions in cellular concentrations of iron exceeded those that would be expected due to dou bling of the mass of liver during the 2-wk period after birth. Our results suggest that the amount of supple mental iron initially accumulated by the liver was proc essed (see below) and subsequently transferred from sinusoidal cells and hepatocytes to extrahepatic sites. This finding is similar to the report by Hulcrantz et al. (9) that phlebotomy induced the mobilization of stored iron from hepatocytes and sinusoidal cells in adult rats. Kuchta et al. (23) have also reported that iron accu mulated in sinusoidal cells after treatment of anemic rats with Fe-dextran was subsequently mobilized from Kupffer cells, and to a lesser degree, from endothelial cells. Together, these findings demonstrate that me tabolism and transport of iron in liver sinusoidal cells, as well as in hepatocytes, are affected by extrahepatic factors, such as enhanced rate of erythropoesis. Transferrin, ceruloplasmin and hepatic xanthine oxidase are proteins that participate in the transfer of iron from liver to other tissues. Since the concentrations of these proteins are very low in piglets during the first week of life (33) the mechanism) s ) responsible for the mo bilization of iron from liver cells remains an enigma.
Ferritin serves a primary role in the storage and de toxification of intracellular iron (34, 35) . Although the rate of incorporation of 14C-labeled amino acids into immunoreactive ferritin was increased by exposure of primary monolayer cultures of adult rat Kupffer cells to high levels of inorganic iron (36) and ferritin protein was identified in Kupffer cells isolated from livers of adult rats treated with Fe-dextran (8) , it is generally believed that ferritin levels in Kupffer cells are not re sponsive to changes in iron status (37) . Our results dem-onstrate that the concentration of immunoreactive fer ritin markedly increased in hepatocytes, Kupffer cells and endothelial cells after administration of Fe-dextran to neonatal pigs (Fig. 5) . The higher concentrations (tig/ mg cell protein) of ferritin-protein in the sinusoidal cells, compared to that in hepatocytes, were correlated with the higher concentrations of iron in the former (Figs. 3 and 4) . However, because of the greater mass of hepatocyte protein, 79% of the total liver ferritin was present in hepatocytes 1 d after Fe-dextran admin istration. In contrast, 62% and virtually all of the liver ferritin-protein was present in sinusoidal cells from treated piglets at 6 and 11 d of age, respectively.
The percentage of cellular iron associated with ferritin in hepatocytes was 4.9 and 5.9 times greater than in Kupffer cells and endothelial cells, respectively, 1 d after the injection of Fe-dextran. Van Wyk et al. (8) also found the cellular complement of iron that was associated with ferritin in Kupffer cells was very low (< 6% ) after administration of Fe-dextran to adult rats. Ultrastructural analysis (transmission electron micros copy) of cells isolated from baby pigs 1 d after treatment showed that the majority of electron-dense material (presumably iron) within sinusoidal cells was amor phous and localized within organelles that were limited by a single membrane with an appearance similar to secondary lysosomes (Caperna and Failla, unpublished observations). Such deposits were not evident in he patocytes. Therefore, the degradation of Fe-dextran within lysosomes appears to be rate limiting in sinu soidal cells and responsible in part for the lower per centage of cellular iron associated with ferritin in sin usoidal cells.
The influence of treatment with Fe-dextran on the concentrations of zinc and copper in liver cells was investigated because of the known interactions be tween these essential elements (38) (39) (40) . Our data show that intramuscular administration of Fe-dextran did not affect concentrations of zinc and copper in liver cells at 2 and 6 d of age, while slight alterations were noted at 11 d of age (Table 1) . Neither the basis for these differences nor the significance, if any, is known. Re cent studies have shown that parenteral administration of Fe-dextran to piglets (7) and oral supplementation of children with iron (41) were not accompanied by al terations in zinc and copper levels in plasma.
Iron-deficiency anemia continues to be a major prob lem for rapidly growing newborn pigs and human in fants. Although treatment with parenteral iron is widely accepted and believed to be safe, there is increasing evidence that parenteral iron treatment compromises nutritional immunity (42, 43) . Moreover, the presence of excess iron in cells is also associated with peroxidative damage to cell membranes (44, 45) . It has been recently reported that a single injection of Fe-dextran to adult rats was associated with enhanced membrane lipid peroxidation (46, 47) . Since sinusoidal cells ac cumulate high levels of iron after treatment of neonatal pigs with a single injection of the recommended dose of Fe-dextran, we are currently assessing whether the treatment adversely affects cellular function.
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